Chronic hepatitis B virus (HBV) infection is a major risk factor for the development of hepatocellular carcinoma (HCC), a leading cause of cancer mortality worldwide. Hepatitis B X protein (HBx) and pre-S2 mutant have been proposed as the two most important HBV oncoproteins that play key roles in HCC pathogenesis. Curcumin is a botanical constituent displaying potent anti-inflammatory and anti-cancer properties without toxic side effects. Phytosomal formulation of curcumin has been shown to exhibit enhanced bioavailability, improved pharmacokinetics, and excellent efficacy against many human diseases. However, effectiveness of phytosomal curcumin for HCC treatment remains to be clarified. In this study, we evaluated chemopreventive effect of phytosomal curcumin on HBV-related HCC by using a transgenic mouse model specifically expressing both HBx and pre-S2 mutant in liver. Compared with unformulated curcumin, phytosomal curcumin exhibited significantly greater effects on suppression of HCC formation, improvement of liver histopathology, decrease of lipid accumulation and leukocyte infiltration, and reduction of total tumor volume in transgenic mice. Moreover, phytosomal curcumin exerted considerably stronger effects on activation of anti-inflammatory PPARγ as well as inhibition of pro-inflammatory NF-κB than unformulated curcumin. Furthermore, phytosomal curcumin showed a comparable effect on suppression of oncogenic mTOR activation to unformulated curcumin. Our data demonstrated that phytosomal curcumin has promise for HCC chemoprevention in patients with chronic HBV infection.
Results
Curcumin administration in transgenic mice expressing both HBx and pre-S2 mutant. The transgenic mice expressing both HBx and pre-S2 mutant in liver were established by Professor Ting-Fen Tsai's laboratory as described 23, 42, 43 . Briefly, the transgenic mice were generated in the C57BL/6 background and the HBx and pre-S2 mutant transgenes were driven by the liver-specific albumin promoter ( Fig. 1A) . Considering that transgenic mice harboring both HBx and pre-S2 mutant revealed obvious liver pathology (such as hepatic inflammation and steatosis) around the age of 9 months and developed HCC at an average age of 15 months 23, 42, 43 , the mice were treated with the normal diets, unformulated or phytosomal curcumin diets, beginning at 9 months of age, for 6 consecutive months (until 15 months of age), and were then sacrificed for analysis ( Fig. 1B ).
Phytosomal curcumin maintained normal body weight and serum alanine aminotransferase (ALT) level in transgenic mice expressing both HBx and pre-S2 mutant.
To assess the effect of phytosomal curcumin on physiological function of mice, the body weight of transgenic mice expressing both HBx and pre-S2 mutant was measured immediately before treatment and once a week after treatment of normal diets, unformulated or phytosomal curcumin diets. As shown in Fig. 2A , the body weight of mice treated with either unformulated or phytosomal curcumin diets was not affected, showing a similar gradual increase with the normal diets-treated control mice during the treatment period. Moreover, the liver function of the transgenic mice was evaluated by measuring serum ALT. As shown in Fig. 2B , serum ALT level in mice treated with either unformulated or phytosomal curcumin diets was moderately lower than that in the control mice, although not in a statistically significant manner, suggesting that either unformulated or phytosomal curcumin treatment would not cause liver injury in mice.
Phytosomal curcumin exhibited chemopreventive effects on HCC development in transgenic mice expressing both HBx and pre-S2 mutant. To evaluate the effectiveness of phytosomal curcumin in preventing the development of HBV-related HCC, the transgenic mice expressing both HBx and pre-S2 mutant were administered with normal diets or diets containing unformulated or phytosomal curcumin for 6 months. After the treatment, mice were sacrificed to examine the formation of tumor in liver. As shown in Fig. 3A , HCC formation was slightly suppressed in the unformulated curcumin diets-treated mice but apparently inhibited in www.nature.com/scientificreports www.nature.com/scientificreports/ the phytosomal curcumin diets-treated mice compared with the normal diets-treated control mice. The total tumor volume (median, range) was significantly reduced in the phytosomal curcumin diets-treated mice (4 mm 3 , 1 to 13 mm 3 ) rather than the unformulated curcumin diets-treated mice (123 mm 3 , 40 to 2200 mm 3 ) compared with the control mice (1018 mm 3 , 611 to 4280 mm 3 ) ( Fig. 3B ). A significant difference in total tumor volume was also observed between the phytosomal curcumin diets-and unformulated curcumin diets-treated mice ( Fig. 3B ).
Furthermore, the histopathology of mice liver was examined by hematoxylin and eosin (H&E) staining. As shown in Fig. 4A , the phytosomal curcumin diets-treated mice revealed improved histopathology of liver that showed only mild steatosis but not necroinflammation compared with the control mice and unformulated curcumin diets-treated mice. The level of steatosis in liver tissues was further evaluated by Oil Red O staining for the accumulation of intracellular lipid droplets. As shown in Figs 4B and S1A, the control mice displayed an extensive accumulation of lipids in liver tissues. Compared with the control mice, the level of lipid accumulation in liver tissues was moderately decreased in the unformulated curcumin diets-treated mice but considerably reduced in the phytosomal curcumin diets-treated mice, suggesting that the phytosomal curcumin diets-treated mice displayed milder steatosis than the unformulated curcumin diets-treated and control mice. Moreover, the infiltration of inflammatory cells in liver tissues was examined by fluorescent immunohistochemistry (IHC) staining of the common leukocyte antigen CD45. As shown in Figs 4C and S1B, the number of CD45-positive cells in liver tissues was considerably lower in the phytosomal curcumin diets-treated mice than the unformulated curcumin diets-treated and control mice, indicating that phytosomal curcumin had a greater anti-inflammatory effect on liver during tumorigenesis.
Phytosomal curcumin displayed cytotoxic effects on the growth of HCC cells.
To ascertain the effect of phytosomal curcumin on the growth of HCC cells, HuH-7 cells were either left untreated or treated with unformulated or phytosomal curcumin with the indicated concentrations for 24, 48, and 72 hours. At the indicated time points, cell viability assay was performed to determine the level of cell growth in each treatment. As shown in Fig. 5 , compared with the untreated control, either unformulated or phytosomal curcumin dose-dependently suppressed the growth of HuH-7 cells at 48 and 72 rather than 24 hours after the treatment. The HBx and pre-S2 mutant transgenes were driven by the liver-specific albumin promoter. The NotI and ApaI restriction enzyme sites were used to excise the 6-kb DNA insert for pronucleus microinjection. (B) Schematic diagram of curcumin treatment. The transgenic mice were treated with either normal diets or the diets containing unformulated curcumin or phytosomal curcumin (150 mg curcuminoids/kg body weight/day), beginning at 9 months of age, for 6 months, and were then sacrificed. The body weight and serum ALT of mice were measured immediately before treatment and routinely after treatment until sacrifice. At sacrifice, the total tumor volume of mice was measured and the histopathology of mice liver was examined.
Remarkably, the phytosomal curcumin showed a stronger cytotoxic activity against HuH-7 cell growth than the unformulated curcumin.
Phytosomal curcumin exerted inhibitory effects on both pro-inflammatory and oncogenic signal activation.
To elucidate the mechanisms by which phytosomal curcumin exerted its chemopreventive effects on HCC, the effect of phytosomal curcumin on the activity of PPARγ, NF-κB, and mTOR was examined. To assess the effect of phytosomal curcumin on PPARγ activity, HuH-7 cells were transfected with a GAL4-driven reporter plasmid and a plasmid encoding the PPARγ LBD fused with the GAL4 DNA-binding domain. As shown in Fig. 6A , treatment of these cells with phytosomal curcumin significantly induced a higher level of transcriptional activity of PPARγ than that induced by equal concentration of unformulated curcumin. Moreover, phytosomal curcumin showed a dose-dependent activation of PPARγ by approximately 4-fold activation with a concentration of 20 μg/mL comparable to that with a concentration of 0.125 μg/mL by troglitazone that served as a positive control for PPARγ activation. In addition, the effect of phytosomal curcumin on mTOR activity was assayed in HuH-7 cells by Western blot analysis. As shown in Fig. 6B ,C, treatment of either phytosomal or unformulated curcumin with a concentration of 20 μg/mL decreased the level of phosphorylated activated form of mTOR to a similar extent to that by a concentration of 200 nM of rapamycin, an mTOR inhibitor.
To further ascertain the effect of phytosomal curcumin on NF-κB and mTOR activity in the transgenic mice expressing both HBx and pre-S2 mutant, liver tissues were isolated at the end of the treatment for Western blot analysis. As shown in Fig. 7A ,B, the levels of phosphorylated activated form of NF-κB p65 and mTOR in mice liver were consistently suppressed in the phytosomal curcumin diets-treated mice compared with the normal diets-and unformulated curcumin diets-treated mice, although the level of phosphorylated mTOR was also reduced in the unformulated curcumin diets-treated mice. Next, we assessed the activity of PPARγ in mice liver by performing fluorescent IHC staining to detect the level of nuclear expression of PPARγ in liver tissues. Previous research has shown that upon activation PPARγ can translocate into the nucleus where it transcriptionally regulates the expression of its target genes 44 . As shown in Figs 7C and S2, the number of cells with nuclear PPARγ expression in liver tissues was apparently increased in the phytosomal curcumin diets-treated mice compared with the normal diets-and unformulated curcumin diets-treated mice, suggesting that phytosomal curcumin diets-treated mice exhibited higher level of PPARγ activation in liver than the normal diets-and unformulated curcumin diets-treated mice.
Discussion
Although considerable progress has been made in the prevention and therapy of HBV-related HCC, the efficacy of current treatments is still limited. The major obstacles are the persistence of HBV surface antigen expression from the integrated HBV DNA as well as the emergence of side effects during the long-term treatment 11, 14 . Indeed, the presence of pre-S2 mutant exhibits a high resistance to anti-viral therapies and carries a high risk of www.nature.com/scientificreports www.nature.com/scientificreports/ HCC development in chronic HBV carriers 12 . Therefore, natural products with active ingredients and without side effects would serve as ideal chemopreventive agents against HCC in patients with chronic HBV infection. In this study, we for the first time evaluated the effectiveness of phytosomal formulation of curcumin in the treatment of HBV-related HCC and demonstrated that phytosomal curcumin exhibited a remarkable chemopreventive effect on HBV-related HCC, at least in part, through the activation of PPARγ and the inhibition of NF-κB and mTOR activities ( Fig. 8 ).
In this study, we used the transgenic mice specifically expressing double HBV oncoproteins (HBx and pre-S2 mutant) in liver as a model of HBV-related hepatocarcinogenesis to evaluate the chemopreventive effect of phytosomal curcumin. HBx and pre-S2 mutant have been well demonstrated as the two most important HBV oncoproteins that play key roles in the progression of HCC in chronic HBV infection 15, 16 . As summarized in Fig. 8 , pre-S2 mutant can induce ER stress signals, which cause oxidative stress and DNA damage, leading to genomic instability 45, 46 . Through the induction of ER stress, pre-S2 mutant can also activate two signal pathways to promote hepatocyte proliferation, one involving NF-κB and p38 to upregulate cyclooxygenase-2 (COX-2) and another involving vascular endothelial growth factor-A (VEGF-A) and Akt to activate mTOR 47, 48 . In addition, HBx has been shown to activate NF-κB signal pathways through several mechanisms [49] [50] [51] . HBx can also upregulate mTOR signaling through IκB kinase β (IKKβ) to increase cell proliferation and VEGF production 52 . Activation of mTOR has been shown to play essential roles in the development of HBV-related HCC 53 , and is a major molecular event throughout the liver tumorigenesis in the transgenic mice harboring both HBx and pre-S2 mutant 23 . In addition, the liver tissues of transgenic mice expressing either or both of pre-S2 mutant and HBx have been shown to display several dysplastic changes and represent a preneoplastic lesion for HCC development 23, 42, 43, [54] [55] [56] . Therefore, the data from our mouse model may provide supportive evidence for the chemopreventive effect of phytosomal curcumin on HBV-related HCC development.
Several formulation strategies have been employed to overcome the bioavailability limitations of curcumin 37 . Among them, phytosomes have a better stability than many other formulations due to the covalent bonds formed between phospholipid and curcumin in phytosomes 39 . As a result, phytosomal curcumin has been shown to display enhanced bioavailability and improved pharmacokinetics compared with unformulated curcumin 39, 40 . Consistent with the advantages and properties of phytosomal curcumin, in this study, we demonstrated that phytosomal curcumin exhibited significantly greater effects on suppression of HCC formation, improvement of liver histopathology (steatosis and necroinflammation), and reduction of total tumor volume than unformulated www.nature.com/scientificreports www.nature.com/scientificreports/ curcumin in the transgenic mice expressing both HBx and pre-S2 mutant. Moreover, compared with unformulated curcumin, phytosomal curcumin exerted considerably stronger effects on activation of anti-inflammatory PPARγ as well as inhibition of pro-inflammatory NF-κB. Also, phytosomal curcumin could suppress oncogenic mTOR activation to a similar extent to unformulated curcumin. As summarized in Fig. 8 , we therefore proposed that phytosomal curcumin may exert its chemopreventive effects on HBV-related HCC, at least in part, through the following three mechanisms: First, phytosomal curcumin may act as an agonist to activate PPARγ. Upon www.nature.com/scientificreports www.nature.com/scientificreports/ activation, PPARγ forms heterodimers with the retinoid X receptor (RXR), recruits co-activators, and binds to the peroxisome proliferator response element (PPRE), leading to the upregulation of genes involved in lipid metabolism, anti-inflammation, and anti-cell proliferation 57 . Second, the activated PPARγ by curcumin may additionally inhibit NF-κB activation through several mechanisms, resulting in the repression of NF-κB-mediated transcription of pro-inflammatory cytokines [58] [59] [60] . Last but not the least, phytosomal curcumin may also suppress the activation of mTOR-mediated oncogenic signal pathways 29, 61 .
Furthermore, in this study, the expression of pre-S2 mutant and HBx in liver tissues of each treatment group of mice was also examined by fluorescent IHC staining. As shown in Figs S3 and S4, both pre-S2 mutant and HBx were consistently expressed in liver tissues at similar levels between normal diets-, unformulated curcumin diets-, and phytosomal curcumin diets-treated mice, suggesting that either unformulated or phytosomal curcumin exerted its effect on PPARγ, NF-κB, and mTOR activities not through targeting pre-S2 mutant and HBx directly. Therefore, it may be applicable to use the human hepatoma HuH-7 cell line as a culture system to investigate the underlying mechanisms of phytosomal curcumin in HCC chemoprevention.
In conclusion, our results suggest that the combined beneficial activities of anti-inflammation, lipid metabolism, and anti-cell proliferation may potentially contribute to the effectiveness of phytosomal curcumin on prevention of HBV-related HCC development. Phytosomal curcumin may have great promise as a chemopreventive agent against HCC for the long-term treatment of patients with chronic HBV infection. www.nature.com/scientificreports www.nature.com/scientificreports/ obtained from mice immediately before treatment and once a month after treatment until sacrifice. ALT level was measured by FUJIFILM DRI-CHEM slides using FUJIFILM DRI-CHEM 3500 machine (FUJIFILM Corporation, Tokyo, Japan).
Methods

Liver histopathology and tumor volume analysis.
At sacrifice, the isolated mice livers were imaged and examined for tumor formation. To determine tumor volume, the greatest longitudinal diameter (length) and the greatest transverse diameter (width) were measured by caliper. The tumor volume was calculated by the formula tumor volume = 1/2 (length × width 2 ). To examine liver histopathology, the formalin-fixed and paraffin-embedded liver tissues were sectioned for H&E staining. To evaluate lipid deposition in liver, the frozen liver tissues were sectioned for Oil Red O staining (Muto Pure Chemicals, Tokyo, Japan) as described 54 . For quantification, five independent microscopic fields (original magnification, ×40) with the most abundant lipid droplets in liver tissues of each mouse were selected. The percent area of lipid droplets in the five selected fields of each mouse was quantified by the ImageJ software (http://rsb.info.nih.gov/ij) and further calculated as the percent area of lipid droplets per field for statistical analysis.
Plasmid, cell line, and transient transfection.
The pBIND-PPARγ-LBD plasmid was constructed by cloning the PPARγ ligand-binding domain (LBD) (amino acids 172-476) PCR products into the pBIND vector (Promega, Madison, WI, USA), which fused with the GAL4 DNA-binding domain. The GAL4-pGL4-luc reporter plasmid was constructed by inserting the 5 GAL4 response elements into the promoter region of the pGL4.17 reporter plasmid (Promega). The pRL-TK Renilla luciferase vector was purchased from Promega. The human Western blot analysis. HuH-7 cells were either left untreated or treated with rapamycin (Sigma), unformulated curcumin, or phytosomal curcumin with the indicated concentrations for 24 hours. Western blot analysis was performed as described 62 . Briefly, total proteins were extracted with lysis buffer containing protease and phosphatase inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) from cells or mice liver tissues after treatment. Equal amounts of proteins for each sample were resolved on sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Membranes were incubated with primary antibodies, followed by secondary antibodies, and then developed by an enhanced chemiluminescence system (Amersham Pharmacia Biotech, Amersham, UK). The primary antibodies used in this study were anti-mTOR (2972), anti-NF-κB p65 (8242), and anti-p-NF-κB p65 (Ser536) (3033) from Cell Signaling Technology (Danvers, MA, USA), anti-p-mTOR (Ser2448) (ab1093) from Abcam (Cambridge, UK), and anti-β-Actin (MAB1501) from Millipore (Billerica, MA, USA). β-Actin was used as the internal control. Full blots were shown in Fig. S5 .
Fluorescent IHC staining. Fluorescent IHC staining was performed as described 23 . Briefly, the frozen liver tissues from each treatment group of mice were sectioned and incubated with the primary antibodies anti-PPARγ (2435; Cell Signaling Technology), anti-HBsAg (1811; ViroStat, Portland, ME, USA), anti-HBx (ab39716; Abcam), or anti-CD45 (ab10558; Abcam), followed by the secondary antibody Alexa Fluor 488-conjugated goat anti-rabbit IgG (ab150077; Abcam). Anti-HBsAg was used to detect pre-S2 mutant. DAPI (4' , 6-diamidino-2-phenylindole; Invitrogen) was used to stain the nuclei. For quantification, five independent microscopic fields (original magnification, ×40) with the most abundant nuclear PPARγ-, CD45-, pre-S2 mutant-, or HBx-positive cells in liver tissues of each mouse were selected. The total number of nuclear PPARγ-, CD45-, pre-S2 mutant-, or HBx-positive In chronic HBV infection, two HBV oncoproteins, HBx and pre-S2 mutant, play key roles in the progression of HCC through either the induction of ER stress-induced oxidative DNA damage to cause genomic instability or the activation of NF-κB and mTOR signal pathways to promote hepatocyte proliferation. Phytosomal curcumin may exert its chemopreventive effects on HBV-related HCC through three mechanisms: one involving the activation of PPARγ activity to upregulate the expression of genes involved in lipid metabolism, anti-inflammation, and anti-cell proliferation (as indicated by sequential orange arrows), another involving the inhibition of NF-κB activation though PPARγ to repress the expression of pro-inflammatory cytokines (as indicated by red dashed lines), and the other involving the suppression of mTOR activation to block hepatocyte proliferation (as indicated by blue dashed lines). Abbreviations: HBV, hepatitis B virus; HBx, hepatitis B X protein; HCC, hepatocellular carcinoma; ER, endoplasmic reticulum; NF-κB, nuclear factor-κB; mTOR, mammalian target of rapamycin; PPARγ, peroxisome proliferator-activated reporter γ; RXR, retinoid X receptor; PPRE, peroxisome proliferator response element; VEGF-A, vascular endothelial growth factor-A; COX-2, cyclooxygenase-2; IKKβ, IκB kinase β; Ca 2+ , ionized calcium; ROI, reactive oxygen intermediates.
www.nature.com/scientificreports www.nature.com/scientificreports/ cells in the five selected fields of each mouse was counted manually and further calculated as the number of nuclear PPARγ-, CD45-, pre-S2 mutant-, or HBx-positive cells per field for statistical analysis.
Statistical analysis. The significance of the difference of body weight, ALT level, total tumor volume, and the percent area of lipid droplets, as well as nuclear PPARγ-, CD45-, pre-S2 mutant-, and HBx-positive cell number between the normal diets, unformulated curcumin diets, and phytosomal curcumin diets treatment groups of mice was determined by Kruskal-Wallis one-way ANOVA followed by Dunn's multiple comparisons test. The significance of the difference of signaling molecule expression between different treatment groups of mice livers was determined by unpaired t-test. The significance of the difference of cell viability, PPARγ activity, and signaling molecule expression between the untreated control cells and the cells treated with troglitazone, rapamycin, unformulated curcumin, or phytosomal curcumin was determined by unpaired t-test. A P value < 0.05 was considered significant (*P < 0.05, **P < 0.01, ***P < 0.001).
